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ABSTRACT
Within Latin American and the Caribbean (LAC), small island developing states (SIDS)
of the latter are wholly reliant on their natural environments for their tourism-dependent
economies yet are experiencing declining environmental health. These effects are exacerbated by
Caribbean susceptibility to climate change and growing populations. With limited size, elevation,
GDP, and water resources compared to Latin America, the subregion requires management and
solutions tailored to the needs of each country. This study examined current and future
sustainability of the Caribbean SIDS by assessing the nexus of water-energy-food (WEF)
resources at the national level. In addition, the potential for nature-based solutions (NBS) was
examined as a means of balancing sectors of WEF.
To understand current sustainability, parameters related to water, energy, and food were
compiled for 10 of the 16 SIDS of the Caribbean basin. The parameters for the water sector were
compared to Falkenmark indicators, whereas energy and food sectors were compared with the
LAC average for that parameter. Countries that scored below Falkenmark indicators or LAC
averages across the parameters for each sector were deemed as currently unsustainable. Final
classifications were tabulated for each of the SIDS to determine sectors of the WEF Nexus where
they were currently failing.
A geospatial analysis utilizing GIS was then conducted to determine if each SIDS
retained available land for the potential of nature-based solutions for WEF Nexus failures. Data
for GIS analysis included population density, slope, underlying geology, and land use/land cover.
Two separate analyses were conducted, one utilizing sedimentary geology and the other
vii

employing non-sedimentary geology for countries of volcanic origin. To determine if there is
sufficient available land for NBS implementation, a threshold was calculated for each country
incorporating per capita requirements to treat total wastewater produced by each nation.
Countries with available land greater than that of their calculated threshold were considered as
able to reach sustainability for the WEF Nexus by installing NBS.
Population growth and climate change effects (sea level rise and precipitation loss) were
modeled for 2050 to estimate future conditions. Sea level rise (SLR) data were used as physical
limitations to the installation of NBS; areas with elevations below predicted SLR were removed
from available sites for NBS. Population growth and precipitation loss were used for calculating
available water per capita in the year 2050 and were compared with 2020 levels.
A majority of the countries examined were failing in two or more sectors of the WEF
Nexus under current conditions and were thus classified as unsustainable. All countries were
failing in at least one sector of the WEF Nexus, denoting subregional unsustainability in the food
sector. From GIS analyses, each country was estimated to have sufficient land for potential NBS.
The land area available for each country was far greater than the constructed wetland threshold
for treating all wastewater for the current population. Under future conditions, this determination
was not refuted, as estimated SLR did not impact available land enough to fall below constructed
wetland area thresholds. Available water levels, however, were projected to be stressed by
increased population and precipitation loss, resulting in three countries scoring a “fail” in the
water sector where they had previously scored a “pass.” As water is a strong component of the
WEF Nexus, this is highlighted as an area of focus for NBS.
The current sustainability of the WEF Nexus in the Caribbean SIDS is overall failing,
with future conditions intensifying these failures. However, every country has potential to
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implement NBS to balance the Nexus for both current and future scenarios. This analysis also
works to classify the Caribbean SIDS as their own region outside of their LAC designation, as
the SIDS are facing barriers that other LAC states are not generally experiencing. It is important
that the Caribbean look to sustainable and effective solutions such as NBS to prevent water
shortages, food inaccessibility, and energy starvation.

ix

INTRODUCTION
Latin America and the Caribbean
The Caribbean Basin
The Latin American and Caribbean (LAC) region is one of great heterogeneity, where
distinct divisions can be made from the rest of the world along socioeconomic status, available
environmental resources, and human development index (Winograd, 1995). While united under
the banner of LAC, major discrepancies exist between mainland Latin America and the
Caribbean island-nations, which becomes an issue when attempting to surmise the region
holistically (Winograd, 1995). In particular, the GDP of the Caribbean equates to roughly 4.5%
of Latin America’s GDP, and the land area of the Caribbean is estimated to be 1.4% of Latin
America’s land area. As such, the Caribbean island-nations are often overlooked in discussions
of regional environmental importance, with Latin America being the focus of the region.
As recognized by the United Nations, there are 16 Small Island Developing States (SIDS)
in the Caribbean basin, defined as having an area of less than 12,000 square meters. Ecosystems
in the Caribbean SIDS are a main source of livelihood for most citizens, serving as an economic
driver for environmental health and sustainability (Mercer et al., 2012) due to the dependence on
a tourism economy (DESA, 2014). With environmental quality strongly linked with tourist
economies (Font, 2000), it is imperative that Caribbean countries conserve their natural
ecosystem structure and function.
Within the Caribbean basin there has been a persistent disconnect between environment
and economy (Patil et al., 2016). Countries that have emphasized economic development have
1

experienced a marked decrease in environmental health as a result of urban sprawl, increased
dependence on fuel imports, and desalination or importation as the main source of potable water
(Hanif and Gago-de-Santos, 2017; Hanif, 2017; Miralles-Wilhelm and Muñoz, 2017). Many
Caribbean nations are also limited in size, elevation, and GDP, simultaneously increasing
regional vulnerability to climate change (ECLAC, 2000; Fain et al., 2018) and setting up
Caribbean nations for failure in the face of rapid urbanization and accelerating impacts of climate
change.

Water Security in LAC
As a result of rapid urbanization, the LAC region is experiencing increased degradation
of watersheds, deforestation, droughts and a decline in overall water storage, ultimately leaving
major cities without sustainable access to water (Crisman et al., 2019). Water resources are
considered limited in Latin America, where glacial melt and precipitation provide freshwater for
many countries in the region. Drastic changes including accelerated glacier loss (Rabatel et al.
2013), droughts, and demographic changes result in increased demand in the face of decreased
water supply (Buytaert and De Bievre, 2012).
The Caribbean, however, is further limited as it lacks the glacial melt and extensive
aquifers found in the Latin America. Thus, while many countries in Latin America have greater
potential for dealing with the effects of climate change due to their larger land areas and
environmental resources, SIDS in the Caribbean are extremely limited, which will require
solutions with increased efficacy and sustainability.
All countries in LAC have agreed to meet the UN Sustainable Development Goals
(SDGs), 17 goals that place economic and social development alongside environmental
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sustainability (Biermann et al., 2017). Of particular note for the Caribbean is SDG #6 to “ensure
availability and sustainable management of water and sanitation for all” (Sarni, 2019). However,
to achieve these goals by the year 2030, Sarni (2019) stated that a “water revolution” has been
triggered, and “business-as-usual” models will not be enough for the Caribbean. Traditional
methods and practices simply cannot keep pace with the rapid changes expected from climate
change, and new, innovative, and effective methodologies will be required to meet these
benchmarks for sustainability. Vulnerability to climate change effects such as increased
temperature, changes in precipitation, and sea level rise, compels the Caribbean basin to seek out
solutions that can adaptively manage changing climate.

Nexus
The confluence of water, energy, and food, the WEF Nexus, creates an important
paradigm for decision-makers to consider when discussing and implementing policy related to
sustainability (Keairns et al., 2016). Current use of the Nexus incorporates public health as the
common intersect of the WEF sectors, whereas each sector is dependent on an overarching
economic framework (Crisman et al., 2019). This results in human inclusion in ecology as well
as economic and health in policy decisions (Crisman et al., 2019). Figure 1 provides an
illustration of the interconnectivity of the WEF sectors, as well as the incorporation of economics
and public health. Conservation goals are also implicit in Nexus methodology, as sustainable
water management can help ensure inclusion of ecosystem conservation in its execution
(BirdLife International, 2010).
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Figure 1. Connections between WEF sectors in the Nexus. Figure adapted from Crisman et al. (2019).

Weitz et al. (2014) stated that the Nexus supports the 17 SDGs set by the United Nations
by ensuring cost-effective, efficient, and sustainable resource use. The Nexus approach
implements adaptive management practices, allowing for environmental managers and policymakers to respond to short- and long-term resource fluctuations (Crisman et al., 2019). Utilizing
the Nexus approach as a lens to address problems of sustainability is a step in the right direction,
as solutions derived under this framework provide answers to economic, human, and
environmental health issues (Crisman et al., 2019). Additionally, the Nexus is useful in
understanding and balancing inputs and outputs for each sector of WEF.

Measuring Sustainability in the Caribbean
Within the Caribbean, there is strong connectivity among WEF sectors, especially water
requirements for agriculture and energy development in the region (Miralles-Wilhelm and
Munoz-Castillo, 2018). Roughly 90% of agriculture is dependent on water from precipitation,
4

and hydropower meets nearly 50% of the regional electricity needs (Miralles-Wilhelm and
Munoz-Castillo, 2018). In order to promote sustainability in environmental, economic, and social
sectors, the Nexus is considered the paramount methodology (Miralles-Wilhelm, 2014).

Nature-Based Solutions
Gray or engineered infrastructure refers to traditional constructed solutions such as
wastewater treatment plants, water storage tanks, or sewer lines. This methodology is considered
unsustainable in the Caribbean due to stresses of tropical climate, population growth exceeding
designed capacity, and the prohibitive cost of construction and maintenance (Lugo, 2014).
Continued reliance on traditional engineering can endanger human health via social and
ecological (Nexus) susceptibility (Lugo, 2014), as communities with aging infrastrucutre and
poor management may be unable to provide proper freshwater and wastewater management,
leading to increased waterborne diseases (Bos et al., 2005). Additionally, the Inter-American
Development Bank (IADB), private sector decision-makers, the insurance industry, and others
are finding that gray infrastructure is not as cost-effective as alternative methods, especially
green infrastructure (Gordon et al., 2014).
Green infrastructure or nature-based solutions (NBS) are defined as solutions that take
advantage of ecosystem processes, structure, and function to perform equally to or more
efficiently than gray infrastructure (Crisman et al., 2019). NBS can be utilized in conjunction
with, or as a substitute for, gray infrastructure, often requiring lower monetary costs while
providing greater benefit to the environment (Ozment et al., 2015). The combination of gray and
green infrastructure often provides low cost services with increased sustainability such as
combining flood retention areas (green) with storm drains and pumps (gray) to promote urban

5

flood management (Browder et al., 2019). Another key aspect of NBS is their ability to function
in a variety of climate and resource level scenarios (Sussams et al., 2015). For example, whereas
a wastewater treatment facility is designed for a singular purpose, a constructed wetland can act
as wastewater treatment, a bird sanctuary, a site for passive recreation, a floodplain, and water
storage for a community. Such adaptabilities give green infrastructure an advantage over grey
infrastructure as climate change effects loom, and conditions become unpredictable (Browder et
al., 2019), given they provide superior adaptative management strategies to meet long-term
sustainability goals, and buffer against catastrophic change.
NBS also serve the Nexus methodology well, by creating sustainable options for the
management of WEF sectors. Constructed wetlands can function as water storage (water) for
agricultural irrigation (food), while also providing essential habitat for planting high value crops
directly in the wetland (Crisman et al., 2019). This multi-purpose approach provides economic
return to the local community, which in turn ensures community ownership – and thus proper
adaptive management – of the green infrastructure solution (Crisman et al., 2019; Wolosin et al.,
2012). The sense of community ownership is an incredible advantage of green infrastructure, as
it limits abandonment or failure of installed projects when compared to traditional engineered
approaches (Naumann et al., 2011).

Nature-Based Solutions for Water Management
With rapid urbanization in the Caribbean, wastewater management has been neglected,
with only 10-15% of waste streams undergoing treatment (Gauss, 2008). In terms of drinking
water, while only a few countries are considered water scarce (Falkenmark et al., 1989), many
are facing limited water resources to meet expanding demands from development and
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urbanization (Cashman et al., 2010). In Latin America, constructed wetlands are found in Brazil,
Mexico, Argentina, and Colombia, with many being maintained in small rural villages (Crisman
et al., 2019). Other NBS for water management in Latin America include the connection of
reservoirs in the Andes with bofedales wetlands for water storage (Crisman et al., 2019).
Currently, nature-based solutions for water management in the Caribbean include the
work of BirdLife International to replenish depleted forests in Haiti, to both stabilize slopes and
secure local drinking water for communities (BirdLife International, 2010). While there are some
wetlands implemented for wastewater treatment in the Caribbean (Jamaica and Cuba),
publications on their effectiveness are limited (Crisman et al., 2019). For water management in
the Caribbean region, NBS solutions could potentially include constructed wetlands for
wastewater treatment (Crisman et al., 2019), bioswales for recharging groundwater and removing
debris from stormwater (Anderson, et al., 2016), bioretention/rain gardens for stormwater storage
and filtration (Dietz and Clausen, 2005; Dietz and Clausen, 2006), and infiltration trenches for
subsurface storage of stormwater runoff (Lewellyn et al., 2015).

Nature-Based Solutions for Energy Management
Caribbean SIDS traditionally rely heavily on energy imports and fossil fuels (Niles and
Lloyd, 2013). To reduce these unsustainable practices, SIDS could instead look to NBS for the
energy sector, such as biofuels from sugar cane production as in Brazil (Janssen and Rutz, 2011).
Recently, production of biofuels has increased in LAC; however, Caribbean SIDS lack sufficient
land to supply both domestic agriculture and biofuels (Ludena et al., 2007). Shah et al. (2012)
found that while LAC nations have high potential for biofuel production, reflecting advantages
of the regional climate, there are substantial “technical and non-technical barriers” for decision-
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makers. While a switch to renewable energy can be beneficial, it has been suggested by Shirley
et al. (2013) that Caribbean islands should specialize their policy focus instead of implementing
a medley of various options and projects.
Innovative NBS for energy management are found in Latin America, including run-ofriver and tidal power generation for hydroelectric production (Crisman et al., 2019). These
methods ensure environmental flows of hydrologic features while providing energy to nearby
communities. Brazil is a leader in energy management for LAC, and its experience could
potentially be applied to meet the needs of Caribbean islands.

Nature-Based Solutions for Food Management
In Mexico, roof top gardens provide 20% of the food demand in Mexico City, and
additional green spaces such as vertical gardens and living walls are used for pollution reduction
and temperature control (Dieleman, 2017). Hydroponic gardens are used in less dense areas of
Lima, Peru to combat detrimental health effects such as malnutrition. Community ownership is
encouraged in these practices, which in turn supports the local economy (Crisman et al., 2019).
The same successes are not found in the Caribbean basin. The Caribbean Development
Bank (CDB) has recognized that agricultural productivity in the region is growing slowly and
suffering from high trade costs (FAO and CDB, 2019). With declines in domestic agriculture,
most Caribbean islands have become net food importers, resulting in increased costs to
individual economies and mounting food insecurity (Timms, 2008). To combat these economic
and human health impacts, Caribbean countries have begun both to promote “eat-local”
movements (Richards, 2008; Thompson, 2008) and to provide garden kits to local students
(Thompson, 2008).
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NBS can work alongside initiatives such as these by increasing productivity of urban
agriculture through a variety of methods. Urban rooftop and hydroponic gardens can reduce
runoff and improve water quality while simultaneously supporting local populations with plant
products (Lin et al., 2017). Urban community gardens can function as local ecosystem
restoration projects as well as providing food production for nearby residents (Irvine et al.,
1999). Additionally, constructed wetlands can be utilized for agricultural production and
construction materials for local economies (Crisman et al., 2019).

Long-Term Sustainability via Nature-Based Solutions
The Caribbean has abundant potential for NBS to meet long-term sustainability goals
under current conditions. Much of the analysis of this thesis is based on current data from
Caribbean nations and global organizations such as the World Bank and the Observatory of
Economic Complexity. However, global climate is not static, and the Caribbean is expected to
experience fundamental changes before 2100. Expected changes for the region in the next 80
years include physical, environmental, and economic changes.

Physical/Environmental Changes
Depending on the climate change model utilized, precipitation and temperature
alterations will be impacted differentially across the Caribbean basin; however, Cashman et al.
(2010) noted that, regardless of the model, the Caribbean region can expect a significant decrease
in overall precipitation. Between 2010 and 2080, average temperatures are expected to rise
between 1° and 5°C annually, with the greatest warming in the Greater Antilles (Cashman et al.,
2010). Hall et al. (2013) predict an expected decrease in annual rainfall of 10-30% over the
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Greater Antilles and Eastern Caribbean subregions and an expected decrease of 10% in Trinidad,
with temperatures also increasing 2-3°C across the region. Water stress will likely occur as
rainfall is projected to decrease in summer, and where water supply will not meet current
demands during these low rainfall periods (Hall et al., 2013). Although rainfall will increase
during winter, increased supply will not offset summer losses due to the Caribbean’s general lack
of water storage and high runoff during storm events (Hall et al., 2013).
Sea level rise will also drastically alter Caribbean islands, with conservative estimates
predicting a 7mm yr-1 rise by 2100 (Stocker et al., 2013). Even islands within the volcanic island
chain (e.g. Anguilla, Antigua, Barbuda, Barbados, etc.) will face issues as most communities
have developed along the coast (Leatherman and Beller-Simms, 1997). Hurricane frequency and
strength are also expected to increase with climate change, resulting in increased instances of
storm surge flooding, island erosion and submergence (Hall et al., 2013). Although predictions
estimate that subregions will face uniform effects of climate change, island topography as well as
local and regional currents will cause islands to experience unique situations as climate change
becomes more prominent in the region.

Economics
Most Caribbean nations rely on tourism as the foundation of their economy, which is
usually promoted by the national government (Cashman, 2014). For most of the Caribbean,
tourism is the main economic driver as it produces nearly 20% of the region’s GDP and
employment (Meyer, 2006). As the major provider to most SIDS’ GDP, tourism has led to
increased importation of food and energy, and increased water use. Tourism depends on
attributes of the natural environment of the islands as they have branded themselves as “sun,
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sand and sea destination(s)” (Meyer, 2006). Yet there are several instances where tourism is
actively harming the local environment via sea and beach pollution from sewage, oil pollution
from boating, beach erosion from urban development, damage to reefs, declining sea food
supply, decreased biodiversity of birds and sea organisms, noise pollution, declining agricultural
jobs, and increasing land prices (Holder, 1989). Additionally, Uyarra et al. (2005) show that
climate change is likely to have a significant impact on Caribbean tourism as tourists generally
visit the nations to observe environmental features of both terrestrial and marine systems. Failure
to maintain environmental sustainability can result in economic disaster as a result of heavy
reliance on a tourism economy.

Thesis Objectives
The Caribbean SIDS require specialized solutions when compared to their LAC
neighbors, and analysis of NBS in Caribbean SIDS has been limited in literature. These SIDS
deserve the focus of sustainability efforts, otherwise climate change and development could lead
to region-wide instability. The purpose of this thesis is to investigate the WEF Nexus in
Caribbean SIDS and analyzed the potential for implementation of NBS to meet the challenges of
the Nexus. To accomplish this, the first task is to define the current status of the WEF Nexus in
Caribbean SIDS, as this provides the baseline for the role of traditional engineering in these
sectors and whether or not gray infrastructure is meeting the needs of individual nations. These
tasks will then lead to an evaluation of requirements for each country to achieve balance of the
WEF Nexus via NBS. Geospatial analysis will then be employed to determine suitable sites for
implementation of potential NBS within each nation. The likelihood of each SIDS to reach longterm sustainability utilizing the proposed potential sites under current conditions will then be
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assessed, followed by an analysis of each SIDS long-term sustainability in the face of climate
change, developing economies and population dynamics.
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STUDY SITES AND METHODS
Ten out of the 16 Caribbean SIDS were selected for this study as data reporting and
availability for individual countries varied greatly. For most countries, many parameters were not
reported by the country or third-party data providers. Countries spanned the extent of the
Caribbean and included: Antigua and Barbuda, the Bahamas, Barbados, Dominica, Grenada,
Jamaica, St. Kitts and Nevis, St. Lucia, St. Vincent and the Grenadines, and Trinidad and Tobago
(Figure 2).
Demographic and physical characteristics of islands were recorded for analysis. Most
countries had a population of under 1 million; however, populations ranged from around 53,000
(St. Kitts and Nevis) to 3 million (Jamaica). GDP values varied from 800,000,000 (Dominica) to
approximately 43 billion (Trinidad and Tobago). Surface area ranged from 261 km 2 (St. Kitts
and Nevis) to nearly 14,000 km2 (Bahamas), maximum elevation from 64 m (Bahamas) to 2,256
m (Jamaica), and agricultural area from 60 km 2 (St. Kitts and Nevis) to 4,550 km2 (Jamaica)
(Table 1)
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Figure 2. Countries utilized for analysis in the Caribbean subregion.
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Table 1. Demographic and physical characteristics of Caribbean SIDS used in analysis. Data obtained from the CIA World
Factbook (https://www.cia.gov/library/publications/the-world-factbook/).

Country
Antigua and Barbuda
Bahamas
Barbados
Dominica
Grenada
Jamaica
St. Kitts and Nevis
St. Lucia
St. Vincent and
Grenadines
Trinidad and Tobago

Population
95,882
332,634
293,131
74,027
112,207
2,812,090
53,094
165,510

GDP (USD)
2,398,000,000
12,060,000,000
5,218,000,000
783,000,000
1,634,000,000
26,060,000,000
1,550,000,000
2,542,000,000

Surface Area
(km2)
442
13,900
430
751
344
10,991
261
616

Agricultural
Area (km2)
91
195
140
261
111
4,550
60
107

Highest
Elevation (m)
402
64
336
1,447
840
2,256
1,156
948

101,844
1,215,527

1,265,000,000
42,850,000,000

389
5,128

100
544

1,234
940

Current WEF Nexus
Renewable freshwater resources (m3/year), water produced from desalination (m3/year),
and per capita water use (m3/capita/year) data were collected for each country from the FAO
AQUASTAT database (http://www.fao.org/nr/water/aquastat/data/query/index.html?lang=en),
and total population was compiled from the CIA World Factbook
(https://www.cia.gov/library/publications/the-world-factbook/). Water availability per capita
(m3/capita/year) and total water use per year (m3/year) were calculated using reported population
values. These values were compared with the following water availability indicators: the WHO
Required Water Availability (7.3 m3/capita/year;
https://www.who.int/water_sanitation_health/emergencies/qa/emergencies_qa5/en/), and
Falkenmark Water Stress Indicators: Water Stress (< 1,700 m 3/capita/year), Water Scarcity (<
1,000 m3/capita/year), and Absolute Water Scarcity (< 500 m 3/capita/year) to provide a relative
measure of sustainability for water resources.
Energy data for each country included population access to electricity, power losses, and
renewable energy consumption, all of which were reported indicators by the World Bank
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(https://databank.worldbank.org/home.aspx). Access to electricity values for each country were
compared with LAC and world values. Power losses for Caribbean nations were compared with
global values as data were limited for many countries. Renewable energy consumption data were
available for many countries in the Caribbean and were compared with the LAC region and the
world.
Data on food resources included food supply variability, dietary energy supply adequacy,
cereal import dependency ratio, and yearly estimates of prevalence of undernourishment, all
from the Food and Agriculture Organization of the United Nations
(http://www.fao.org/faostat/en/#data). Average dietary energy supply adequacy, cereal import
dependency ratio, and food supply variability were plotted for each country and compared with
LAC and world averages.
Individual country data were compared with sub-regional Caribbean averages for
individual parameters of the food and energy sectors, while global data were utilized to
contextualize the Caribbean subregion. If a parameter for any country was performing lower than
that of the Caribbean average, that parameter was classified as “failing.” Countries that scored
“failing” in a majority of parameters for the energy and food sectors resulted in a score of
“failing” for the entire sector. For the water sector, Falkenmark indicators were used to identify
water stress, as these metrics are one of the most widespread indicators used for measuring water
scarcity within a nation. Countries that failed to meet these indicators were classified as “failing”
the water sector. Individual country sectors that met or exceeded sub-regional data (energy and
food sectors) or maintained values above Falkenmark indicators (water sector) were classified as
“successful” and not further analyzed. After classifying WEF sectors as either failing or
successful, sectors scoring as failing were evaluated for NBS implementation within that
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country. Potential NBS that promote sustainability in these sectors were selected, and suitable
site analysis was then conducted to evaluate the potential for NBS.

Suitable Site Analysis
Following selection of proposed NBS, suitable sites were located within each nation
using GIS analysis. Land use/land cover (LULC) and geology shapefiles for the Caribbean were
extracted from USGS (https://glovis.usgs.gov/app?fullscreen=1 and
https://pubs.er.usgs.gov/publication/ofr97470K, respectively). Caribbean elevation data from
GIS Lab (https://gis-lab.info/qa/vmap0-eng.html) were obtained and clipped to individual island
extents. Population density raster files were obtained from the University of Southampton
WorldPop database (https://www.worldpop.org/geodata/listing?id=29).
From the LULC shapefile, “open areas” were extracted from the following Anderson
LULC Classification System (https://pubs.usgs.gov/pp/0964/report.pdf): Dryland Cropland and
Pasture, Cropland/Woodland Mosaic, Grassland, Shrubland, Savanna, and Barren or Sparsely
Vegetated. “Open areas” were used as the land use parameter for finding suitable sites for NBS.
Using the underlying geology from USGS, sites were classified as igneous, metamorphic, or
sedimentary. Igneous areas’ permeability depends on the development of basaltic soils and
occurrence of volcanic ash during formation, as can be seen in the Caribbean island of
Montserrat (Hemmings et al., 2015). As a result, sedimentary geology was selected as the
geologic parameter for locating suitable sites for NBS as sedimentary geology provides lower
variability in water permeability when compared with non-sedimentary geologies (Hemmings et
al., 2015).
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Clipped elevation data were used to develop slope shapefiles for the Caribbean islands.
Slopes less than or equal to 45° were selected as the slope parameter for locating suitable sites
for NBS. Typical constructed wetland design requires slopes less than 26.6° (2:1 ratio of
horizontal to vertical distance) (Davis, 1995; Crisman et al., 2019); however, terracing wetlands
across a slope allowed for greater slope ranges, and thus 45° was selected as the slope limit.
Areas with a population density at or greater than each country’s 75 th percentile of
population density were extracted, as major cities across the Caribbean were found to be within
the 75th percentile of population density. A 1.6 km (1.0 mile) buffer was then created around
these areas to serve as “High Population Areas.” “High Population Areas” were the population
parameter for locating suitable sites for NBS. The intersect of “open areas”, sedimentary
geology, slopes at or under 45°, and “high population areas” were located, creating a shapefile of
suitable sites across each country. The same intersection was performed without sedimentary
geology as a parameter, as some islands in the Eastern Caribbean area are a part of a volcanic
chain and thus had an underlying igneous geology.

Long-Term Sustainability Under Current Conditions
Each island was then evaluated to determine if the potential sites were sufficient for
implementation of NBS to support a stable WEF Nexus. Kadlac and Wallace (2009) suggested
constructing wetlands for wastewater treatment with a ratio of 1 km 2 of wetland to treat 12,500
m3/day, assuming wastewater production of 0.379 m 3/person/day. Using these metrics, each
country’s population was multiplied by the projected amount of wastewater per person to
determine the total wastewater produced for each country daily. This value was divided by the
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ratio of 1 km2 to 12,500 m3/day to determine the amount of land area each country would need to
convert to constructed wetland to treat their wastewater. Countries with additional available land
were then considered as being able to implement additional NBS for balancing their WEF
Nexus.

Long-Term Sustainability Under Future Conditions
To understand how sustainability classifications might change over time with increasing
climate change effects, water availability as a function of population growth and modeled sea
level rise were considered for each country. Population was modeled using current population
growth estimates from the CIA World Factbook (https://www.cia.gov/library/publications/theworld-factbook/) and combined with precipitation rate changes (Hall et al., 2013) to calculate
water use in the year 2050. Sea level rise was modeled based on the RCP 8.5 (Representative
Concentration Pathway; warming of an average 8.5 watts per square meter globally), which
estimates that sea level rise will vary between 0.3 m and 1.35 m in the Caribbean by the year
2100 (Strauss and Kulp, 2018). Sea level rise shapefiles were added to potential site shapefiles to
determine if potential site locations would remain above water by the year 2050, based on sea
level rise projections.
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RESULTS AND DISCUSSION
Current WEF Nexus
Water
Falkenmark water scarcity indicators are widely used to assess water security for
countries (Cosgrove and Rijsberman, 2000) and recognize three levels of water availability:
water stress (1,700 m3/capita/year), water scarcity (1,000 m3/capita/year) and absolute water
scarcity (< 500 m3/capita/year). Nations in the water stress category are not reaching water
thresholds required for agricultural, domestic, and industrial uses, while those in the water
scarcity range of 500 and 1,000 m3/capita/year fail to meet freshwater demands for their
population and are in danger of slipping into “absolute water scarcity” and may experience
constant water shortages and likely nation-wide restrictions on water use. Renewable annual
freshwater resources are calculated by the FAO using the average flow of any rivers of a country,
rainfall, and aquifer recharge from precipitation, but evapotranspiration was not included.
Although this could limit available water figures, the lack of surface water in the Caribbean
decreases the impact of evapotranspiration to annual freshwater resources. These values were
used to calculate annual “available water” for countries across the Caribbean (Figure 3).
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Figure 3. Renewable annual freshwater volume available to each country on a per capita basis. Dashed lines are the Falkenmark
indicators used to indicate water stress, water scarcity, and absolute water scarcity. Not displayed is the WHO
requirement of water per capita, 7.3 m3/capita/year. Data from WHO and FAO AQUASTAT.

All island nations in this study met the WHO minimum available water requirement (7.3
m3/capita/year). The Bahamas, Dominica, Grenada, Jamaica, St. Lucia, and Trinidad and Tobago
maintained renewable annual freshwater volumes above water scarcity indicators and were
designated as “passing” in this parameter. All other nations (Antigua and Barbuda, Barbados, St.
Kitts and Nevis, and St. Vincent and the Grenadines) were considered “failing” and did not meet
an available water level of 1,700 m3/capita/year.
It is important to note that these calculations are based on renewable water resources and
do not include water produced from desalination. Desalination plants are operational in Antigua
and Barbuda, the Bahamas, Barbados, Jamaica, St. Kitts, St. Vincent and the Grenadines, and
Trinidad and Tobago. However, addition of annual desalinated water production to renewable
freshwater resulted in no changes in pass or fail classifications for any country (Table 2).
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However, with addition of desalinated water, St. Kitts and Nevis changed from “absolute water
scarcity” to “water scarce” in Falkenmark indicators.
Table 2. Renewable freshwater and desalinated water resources for each country. Addition of desalinated water resulted in little
change from renewable freshwater on a per capita basis. Data obtained from FAO AQUASTAT.

Antigua and Barbuda

Renewable Freshwater
(m3/capita/year)
542

Natural and Desalinated Water
Availability (m3/capita/year)
616

Difference
(m3/capita/year)
74

Bahamas

2,104

2,126

22

Barbados

273

311

38

Dominica

2,701

2,701

0

Grenada

1,782

1,782

0

Country

Jamaica

3,849

3,849

0

St. Kitts and Nevis

452

514

62

St. Lucia

1,813

1,813

0

St. Vincent and Grenadines

982

988

6

Trinidad and Tobago

3,159

3,198

39

Although widely used, national Falkenmark indicators are biased. They are annual
calculations and do not account for seasonal variability in both availability and water use and
regional differences in water availability, which, for Caribbean island nations, result from
dominant wind direction and mountains that create a rain shadow pattern of drought on leeward
slopes. Additionally, water use varies between different cultures and environments, which the
indicators do not take into consideration. An important metric for understanding water dynamics
is total water use by a country as a percent of available water (Figure 4).
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Figure 4. Water use displayed as a percent of available water (annual renewable freshwater) provided by FAO. Includes water
use for agriculture (e.g. irrigation, livestock, and aquaculture), municipal use, and industry.

St. Kitts and Nevis is using over 50% of its annual renewable water, while Barbados has
a deficit of 8%. Both countries also score in the category of “absolute water scarcity” (Figure 3),
potentially leading to a water crisis for both. While Falkenmark indicators are used to quantify
water levels in each country (Figure 3), water use as a percent of available water (Figure 4)
shows whether a country is perpetuating water shortages via overuse, or does not have enough
natural resources to sustain its population and needs (e.g. agriculture, industry). Countries like
Barbados are actively contributing to their current water scarcity by over-extracting, whereas
countries like St. Vincent and the Grenadines, while experiencing water scarcity, is only using a
fraction of available water (8%).
Discrepancies between total water availability (Figure 3) and use (Figure 4) are attributed
to the ability of people to access water within the country, which is limited by a number of
factors. Surface storage (i.e. lakes, rivers) may not be abundant on islands; there might be limited
groundwater because of geology (i.e. non-sedimentary); population growth may exceed water
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availability; water distribution systems may be inadequate; and water quality may be too poor for
human consumption. However, access to water does not seem to be the issue, with each country
scoring near 90% for “improved water supply” as denoted by UNICEF/WHO (2012) (Table 3).
Table 3. Water supply of urban and rural populations across the Caribbean. Many countries are scoring about 90% on water
supply access as determined by UNICEF/WHO (2012). Table adapted from Cashman (2014).

Water Supply

Country

Urban
Population
(%)

Antigua and Barbuda
Bahamas

Urban

Rural

Unimproved
(%)

Improved
(%)

Unimproved
(%)

Improved
(%)

89

5

95

11

89

84

2

98

14

86

Barbados

44

0

100

0

100

Dominica

67

4

96

4

96

Grenada

39

2

98

7

93

Jamaica

52

2

98

12

88

St. Kitts and Nevis

32

1

99

1

99

St. Lucia

28

2

98

5

95

St. Vincent and Grenadines

49

N/A

N/A

7

93

Trinidad and Tobago

14

2

98

7

93

Water availability (Figure 3) is calculated without consideration of water quality, which
can limit actual available water. Water quality issues arise from saline intrusion, pollution from
mining, solid waste and improper sewage treatment, and agricultural runoff, all of which are
present in the Caribbean (Cashman, 2014). Water quality is a pressing issue for some countries
such as Jamaica, St. Lucia, and Dominica, where water is often deemed unsafe for human
consumption (Table 4).
Of the ten islands studied, six have available water above all Falkenmark indices. When
accounting for water supply, this trend changes little, as most countries are displaying water
supply adequacy at or near 90% of their total population. Poor water quality related to improper
sanitation reduces water availability for Jamaica, although quantifying the water loss as a result
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of sanitation is difficult. As a result of scoring below “water stress” (Figure 3), Antigua and
Barbuda, Barbados, St. Kitts and Nevis, and St. Vincent and the Grenadines are classified as
“failing” in the water sector.
Table 4. Water sanitation for urban and rural populations. Data provided by UNICEF/WHO (2012). Table adapted from Cashman
(2014).

Sanitation

Country

Percent Urban
Population
%

Antigua and Barbuda

89

Urban

Rural

Unimproved
%

Improved
%

Unimproved
%

Improved
%

2

98

2

98

Bahamas

84

2

98

2

98

Barbados

44

0

100

0

100

Dominica

67

4

96

8

92

Grenada

39

4

96

3

97

Jamaica

52

3

97

11

89

St. Kitts and Nevis

32

2

98

2

98

St. Lucia

28

1

99

7

93

St. Vincent and Grenadines

49

5

95

5

95

Trinidad and Tobago

14

3

97

7

93

Energy
Access to electricity is becoming a basic service to populations and has increased
globally in the last decade. The Caribbean displays the same trend as the rest of the world in its
access, and both LAC and Caribbean Small States (classified by the World Bank) have greater
access to electricity than the world average (Figure 5).
Regionally, the Caribbean is on pace with Latin America, with rates at 98% for both.
Islands are generally scoring near 100% for access to electricity. Individual island accessibility is
shown in Figure 6.
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Figure 5. Access to electricity for LAC, Caribbean Small States, and world averages. Data obtained from the World Bank.

Access to electricity for each country of this study was high, with all scoring above the
world average (90%), and most scoring above the LAC average (98%). Only Grenada fell short
of the LAC average, at 95%. By this definition, all countries had adequate access to electricity.
Although the results are pointing in a positive direction, “access” is a vague term, as it is related
to the percent of population with the ability to use electricity, without speaking to outages or
transmission losses that may occur in each country.
Reliability of the electric grid limits total access and is an important parameter for
understanding the energy grid of countries. For the Caribbean, individual countries maintain their
own electric grids that are considered antiquated by current standards (Sooknanan et al., 2015).
The world average for electric power losses is calculated as 8% of total output, whereas the LAC
average is calculated as 16%. Countries scoring below the LAC average are classified as failing
in energy reliability. While populations of these countries hypothetically have access to
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electricity (Figure 6), few countries have reliable access to electricity by LAC standards, and
nearly all countries do not have reliable access by world standards (Table 5).

Access to Electricity - 2014
Percent of Population
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80

Access to Electricity

LAC

World

Figure 6. Access to electricity in 2014 for individual nations compared with LAC (blue) and world (green) averages. Data
obtained from World Bank.

Most countries across the Caribbean rely on fossil fuel imports for energy supplies.
Petroleum is imported and burned at diesel engine plants for national electric distribution.
Petroleum imports account for 20% or more of total imports for most countries studied (Table 6).
Table 5. Electric power losses as a percent of output for the year 2014. Losses scoring below the LAC average (16%) are listed in
green, whereas losses scoring higher than the LAC average are listed in red. Most countries have greater losses than the
world average (8%). Data obtained from the World Bank.
Electric power transmission and distribution losses (% of output) – 2014
Antigua
and
Barbuda
24

Bahamas

Barbados

Dominica

Grenada

Jamaica

12

6

8

8

27

27

St. Kitts
and Nevis
17 (Kitts)
20 (Nevis)

St. Lucia
9

St. Vincent
and the
Grenadines
7

Trinidad
and
Tobago
2

Table 6. Petroleum imports and total imports (USD) for each country during the year 2018. Petroleum imports include refined
and crude petroleum as reported by the OEC. Percentage of petroleum imports out of the total import amount is provided.

Antigua and Barbuda

Petroleum Imports (USD)
– 2018
230,190,000

Total Import (USD) –
2018
955,000,000

Petroleum as Percent of
Total
24%

Bahamas

2,220,800,000

6,920,000,000

32%

Barbados

378,130,000

1,650,000,000

23%

Country

Dominica

9,968,800

295,000,000

3%

Grenada

5,842,300

200,000,000

3%

Jamaica

915,859,000

4,400,000,000

21%

St. Kitts and Nevis

25,786,000

246,000,000

10%

St. Lucia
St. Vincent and the
Grenadines
Trinidad and Tobago

1,632,308,900

1,910,000,000

85%

46,000,000

393,000,000

12%

1,122,100,000

4,710,000,000

24%

While reliant on fossil fuels, renewable energy projects exist in the form of geothermal
facilities, onshore wind farms, and solar farms, although these practices account for less than
10% of total electricity capacity for most islands. The exception to the subregion is Dominica,
where renewable electricity outputs meet the LAC average (Figure 7).
Renewable electricity output remains low for most of the islands studied. All islands
except Dominica (28%) fell below global (18%) and LAC (28%) averages. Dominica obtains
28% of its energy from hydroelectric plants across the island. All islands except Dominica are
scored as failing this parameter due to producing less renewable energy than both the world and
LAC averages.
Countries were categorized as failing in the energy sector if they failed in two or more
energy parameters. Antigua and Barbuda, Grenada, Jamaica, and St. Kitts and Nevis all failed
the energy sector, mostly due to distribution losses and renewable energy output (Table 7).
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Figure 7. Renewable energy as a percent of total energy output in 2015. Individual countries are reported alongside LAC (28%)
and world (18%) averages. Data obtained from the World Bank and the U.S. Department of Energy.
Table 7. Energy sector scoring for each parameter as well as the final classification for each country. Countries are considering
failing if they are scored as “failing” in two or more parameters.

Energy Parameters Pass or Fail
Country

Access

Losses

Renewable

Final Classification

Antigua and Barbuda

Pass

Fail

Fail

Fail

Bahamas

Pass

Pass

Fail

Pass

Barbados

Pass

Pass

Fail

Pass

Dominica

Pass

Pass

Pass

Pass

Grenada

Fail

Pass

Fail

Fail

Jamaica

Pass

Fail

Fail

Fail

St. Kitts and Nevis

Pass

Fail

Fail

Fail

St. Lucia

Pass

Pass

Fail

Pass

St. Vincent and the Grenadines

Pass

Pass

Fail

Pass

Trinidad and Tobago

Pass

Pass

Fail

Pass

Food
The FAO (2019) reported that nations in the Caribbean are extremely reliant on food
imports, with individual islands facing high trade costs and an inability to meet food safety and
quality thresholds. As a result, many countries across the Caribbean have high rates of
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undernourishment, with levels exceeding Central America, South America, and the world
averages (Figure 8).
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Figure 8. Percent of population with undernourishment in the Caribbean, Central America, and South America compared to the
world average. Data are for 2000 through 2018 and were obtained from the FAO.

Although displaying a downward trend in the last two decades, the Caribbean subregion
currently displays undernourishment at a rate over double that of South America and Central
America (18.4%, 5.5%, and 6.1%, respectively). These data indicate an inability for the countries
in the Caribbean to grow their own food, a lack of monetary funds to import enough food, or a
poor food distribution network. To understand if individual countries are facing issues with food
supply, average dietary energy supply adequacy (ADESA) data were assembled. ADESA
describes how much food a country supplies relative to a theoretical threshold of supply to
adequately feed its population in the form of a percentage (Figure 9).
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Average Dietary Energy Supply Adequacy: 2016-2018
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Figure 9. Average dietary energy supply adequacy (ADESA) between the years 2016 and 2018. ADESA is calculated by
normalizing each country’s average supply of calories by the average dietary requirement for their population. Data
obtained from FAO.

As this parameter is calculated for population requirements for each nation, reaching
100% ADESA (Threshold) indicates that a nation has an adequate supply of food. It is important
to note that an overabundance of the ADESA metric combined with undernourishment can
indicate an issue with supply distributions across the country. Undernourishment on an
individual country basis were generally low, but not reported for each of the countries in this
study. Countries scoring below 100% ADESA (Antigua and Barbuda, Grenada, and St. Lucia),
are experiencing issues with providing an appropriate food supply, thus leading to potential
undernourishment in their populations. These islands that are failing to provide an appropriate
food supply (< 100% ADESA) are classified as failing this parameter.
Since the 1980’s, food production across the Caribbean subregion has been declining
(Pemberton, 2005; FAO, 2019). Small island states are limited by land availability to produce
food unlike larger islands and have been forced to rely on importing staple foods to supply their
31

population with adequate diets. Cereal import dependency is an indicator used by FAO to
understand the relationship of imported cereals to produced cereals (Figure 10).

Cereal Import Dependency
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Figure 10. Cereal import dependency ratio for individual countries. Cereal import dependency is defined as the ratio of imported
cereal products against the country’s own production. Negative values (World: -1%; LAC: -4.1%) are indicative of a
net exporting of cereals. Higher positive values show a greater dependence on imported cereals. Data obtained from
FAO. No data are available for St. Kitts and Nevis.

The LAC average for cereal imports (-4.1%) is close to the world average (-1%),
indicating that the LAC region is mostly an exporter of cereals rather than reliant on imported
cereals. However, all Caribbean islands studied, except St. Kitts and Nevis for which no data are
available, display dependencies at or near 100% the maximum value for the parameter. These
islands are importing nearly 100% of their cereal foods, and there is a great discrepancy between
the islands of the Caribbean and mainland Latin America in food production.
Even with adequate calorie supply (Figure 9) and importation of foods (Figure 10), many
countries can experience instability of the food supply annually. Food supply variability
measures the difference in calories per capita across time, and until 2013, FAO measured food
supply variability across the Caribbean islands (Figure 11).
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Figure 11. Food supply variability across the studied islands along with world (6 kcal/capita/day) and LAC (12 kcal/capita/day)
averages. Data obtained from FAO.

LAC and world averages are similar for food supply variability, with 12 kcal/capita/day
and 6 kcal/capita/day, respectively. All Caribbean islands studied, however, have much greater
food supply variability than both LAC and world averages. Throughout 2013, there was a
discrepancy in food supplies from day to day, ranging from as little as 19 kcal/capita/day (St.
Vincent and the Grenadines) to 102 kcal/capita/day (Antigua and Barbuda). All islands were
classified as “failing” this parameter as each had greater variability in food supply than the LAC
average.
The adequacy for each food parameter was calculated, and a final classification for the
food sector was given for each island. Those that scored as “failing” across two or more food
parameters were given a final classification of failing (Table 8).
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Final classifications for individual WEF sectors (Tables 7 and 8) were combined with
water sector final classifications to produce a composite total Nexus analysis for each country.
Over half of the countries studied failed in at least two sectors of WEF (Table 9).
Table 8. Final classification of the food sector for country. All countries scored as failing in the food sector with the potential
exception of St. Kitts and Nevis due to the lack of data on cereal imports for the island.

Food Parameters Pass or Fail

Fail

Food Supply
Variability
Fail

Final
Classification
Fail

Fail

Fail

Fail

Pass

Fail

Fail

Fail

Dominica

Pass

Fail

Fail

Fail

Grenada

Fail

Fail

Fail

Fail

Jamaica

Pass

Fail

Fail

Fail

St. Kitts and Nevis

Pass

N/A

Fail

Fail*

St. Lucia

Fail

Fail

Fail

Fail

St. Vincent and the Grenadines

Pass

Fail

Fail

Fail

Trinidad and Tobago

Pass

Fail

Fail

Fail

Country

Adequacy

Cereal Import

Antigua and Barbuda

Fail

Bahamas

Pass

Barbados

*St. Kitts and Nevis are classified as failing as a conservative estimate.

Table 9. WEF sector summary (final classifications) for each country. All nations failed in at least one sector of WEF.

WEF Sector Summary
Country

Water

Energy

Food

Antigua and Barbuda

Fail

Fail

Fail

Bahamas

Pass

Pass

Fail

Barbados

Fail

Pass

Fail

Dominica

Pass

Pass

Fail

Grenada

Pass

Fail

Fail

Jamaica

Pass

Fail

Fail

St. Kitts and Nevis

Fail

Fail

Fail

St. Lucia

Fail

Pass

Fail

St. Vincent and the Grenadines

Fail

Pass

Fail

Trinidad and Tobago

Pass

Pass

Fail
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Water Statistics
To address discrepancies in available water across the Caribbean, multiple variables were
collected for use in a multiple linear regression (MLR) for each country including rainfall
(m3/year), GDP, surface area (km2), highest elevation (m), and geology (mostly sedimentary or
igneous/metamorphic). Rainfall quantity suggests the potential for aquifer recharge and
freshwater ecosystems that could be utilized to meet water demands. Increased GDP would allow
a country to invest in additional infrastructure for water storage/retention projects as well as
extracting that water when needed. Large surface area would suggest greater potential storage of
surface and groundwater and less likelihood for saltwater intrusion. Elevation maxima indicate
greater heterogeneity of the island surface, potentially increasing the likelihood of rivers,
streams, and other freshwater systems. Sedimentary geology allows for little variation in capture
and storage of precipitation, increasing available water for the country than if non-sedimentary
geology was in greater prevalence. The MLR was conducted using available water (Figure 3) for
each SIDS listed with related variable data in Table 1 (n=10). Rainfall and geology were
included with the data from Table 1 for the MLR (Table 10).
Table 10. Variables and p-values for the parameters used in the multiple linear regression (MLR) for the water sector. When
combined in the MLR the variables listed resulted in an R2 value of 0.99.

Variable

p-value

Rainfall

0.003

Surface Area

0.004

GDP

0.016

Geology

0.145

Highest Elevation

0.901

R2 Value

0.99

Rainfall (0.003), GDP (0.004), and surface area (0.016) were highly significant (P <
0.05). Geology and highest elevation were not significant, with p-values of 0.145, and 0.901,
respectively.
35

The most important variable for predicting available water within a country was rainfall,
which explained 64% of variation in the available water dataset. Including a second variable,
surface area, 96% of the variation was explained. Addition of GDP and underlying geology
added little, resulting in 98% and 99% of the variation explained. The highest elevation variable
did not add any additional value to the R2 value. Future analysis may look at the impact of
varying elevation to determine the sensitivity of water availability to this parameter.

Potential Sites for Nature-Based Solutions
To implement solutions supporting the WEF Nexus of each country, a geospatial analysis
was conducted to understand what areas are available for potential nature-based solutions (NBS).
To counter rainfall reductions from climate change, countries can look to NBS for more
effectively storing water, limiting runoff to surrounding bodies of water, increasing aquifer
recharge, and reusing wastewater and stormwater. For this study, constructed wetlands were
examined as a potential NBS as they work to reuse water resources and can potentially augment
the food and economic sectors (Crisman et al., 2019). It was important that potential sites for
NBS be located near areas of high population, as these areas tend to be where issues are
concentrated (Crisman et al., 2019). High population areas were selected for analysis if the raster
tile (0.01km2) had a population density at or exceeding each country’s 75 th percentile for
population density. A 1.6 km (1.0 mile) buffer was added around each area of high population so
potential NBS sites could be located near high population areas.
Land use shapefiles were used to find open plots of land without development for
potential NBS sites. Agricultural pasture lands, grasslands, savannas, and barren or sparsely
vegetated areas were selected as “open areas” for analysis.
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Slope was calculated using digital elevation models for each of the countries. While
typical constructed wetland design requires a slope less than 26.6 (Davis, 1995), terracing
wetlands across a slope allows for greater slope ranges, and thus a limit of 45° was selected as
the feasible maximum slope for terracing NBS.
Sedimentary and non-sedimentary geology were selected as parameters for analysis as
geology is a controlling factor for permeability of the soil to rainfall and surface water. Two GIS
intersects were conducted, one using sedimentary geology as a parameter with high population,
land use, and slope, and another using non-sedimentary geology (Figures 12.1, 12.2).
Sedimentary geology is preferable to metamorphic or igneous geology due to more
potential for greater water permeability and presence of aquifers (Vandas et al., 2002). Islands
along the eastern island chain (Lesser Antilles) were formed primarily from volcanic activity and
thus are mostly comprised of igneous and metamorphic rocks. Areas of non-sedimentary and
sedimentary substrates for each country are displayed in Table 11.
Total potential site areas ranged from 97 km 2 (St. Kitts and Nevis) to 3,115 km2
(Jamaica). Most countries included areas with underlying sedimentary geology, with St. Kitts
and Nevis, St. Lucia, and St. Vincent and the Grenadines as the exceptions. Although each island
had potential site areas, land use data used in this analysis are from 2010, and subsequent
changes in land use, particularly urban expansion, are likely.
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Figure 12a. Results of GIS analysis for Antigua and Barbuda through Jamaica. Areas that are available with underlying
sedimentary geology are shown as green whereas areas with underlying non-sedimentary geology are shown in orange.

38

Figure 12b. Results of GIS analysis for St. Kitts and Nevis through Trinidad and Tobago. Areas that are available with
underlying sedimentary geology are shown as green whereas areas with underlying non-sedimentary geology are
shown in orange.
Table 11. Totals of igneous/metamorphic and sedimentary areas for potential sites. Igneous/metamorphic and sedimentary areas
are summed to give the total area for each country.

Country
Antigua and Barbuda
Bahamas

Potential Site Area Breakdown and Total
Igneous/Metamorphic Area
Sedimentary Area
(km2)
(km2)
61
91

Total Area
(km2)
152

N/A

528

528

Barbados

N/A

240

240

Dominica

N/A

341

341

Grenada

201

10

211

Jamaica

94

3,021

3,115

St. Kitts and Nevis

97

N/A

97

St. Lucia
St. Vincent and the
Grenadines
Trinidad and Tobago

316

N/A

316

175

N/A

175

5

720

725
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Each island was then evaluated to determine if the potential sites were sufficient for
implementation of NBS to support a stable WEF Nexus. Kadlac and Wallace (2009) suggested
constructing wetlands for wastewater treatment with a requirement of 1 km 2 of wetland to treat
12,500 m3/day, assuming wastewater production of 0.379 m 3/person/day. Using these metrics,
each country’s population was multiplied by the projected amount of wastewater per person to
determine the total daily wastewater produced for each country. This value was divided by the
ratio of 1 km2 to 12,500 m3/day to determine the amount of land area each country would need to
convert to constructed wetland to treat their wastewater (Table 12).
Table 12. Required area to treat wastewater for each country. Population was multiplied by 0.379 m 3/person/day to give produced
wastewater, which was then divided by the ratio of 1 km2 to 12,500 m3/day to give the area required for treatment in
km2.

Required Areas for Treating Wastewater and Calculations
Produced Wastewater
Area Required to Treat
Country
Population
(m3/day)
Wastewater (km2)
Antigua and Barbuda
95,882
36,339
3
Bahamas

332,634

126,068

10

Barbados

293,131

111,097

9

Dominica

74,027

28,056

2

Grenada

112,207

42,526

3

Jamaica

2,812,090

1,065,782

85

St. Kitts and Nevis

53,094

20,123

2

St. Lucia

165,510

62,728

5

St. Vincent and Grenadines

101,844

38,599

3

Trinidad and Tobago

1,215,527

460,685
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Countries were deemed unsustainable or sustainable under current conditions based on
whether their potential site surface area per capita was below or above this projected wastewater
treatment area requirement. The potential site total area was subtracted by this figure to estimate
if each country had enough potential land for wastewater treatment via constructed wetlands
(Table 13).
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Table 13. Calculated area required to treat wastewater and total potential site area. All countries have potential sites well above
the area required for their population.

Potential Site Area and Wastewater Treatment Thresholds
Potential Site Total Area
Area Required to Treat
Country
(km2)
Wastewater (km2)
Antigua and Barbuda
152
3

Difference (km2)
149

Bahamas

528

10

518

Barbados

240

9

231

Dominica

341

2

339

Grenada

211

3

209

Jamaica

3,115

85

3,030

St. Kitts and Nevis

97

2

95

St. Lucia
St. Vincent and the
Grenadines
Trinidad and Tobago

316

5

311

175

3

172

724

37

687

All countries greatly exceeded their NBS area thresholds, indicating a large amount of
land available for constructed wetlands to treat wastewater. With wastewater treatment only
requiring 6% (Trinidad and Tobago) or lower for each country, it was assumed that each country
has enough available land to implement NBS for solving additional WEF Nexus problems. As all
countries have enough potential sites for NBS implementation, it was unlikely that reductions of
potential site associated with recent urban spread would cause a country to fall below their NBS
area threshold. Additionally, many NBS are designed to work in the urban environment, areas
that this study did not include. The inclusion of urban environments for NBS would likely grow
the potential of NBS efficacy in the Caribbean SIDS, especially when considering the growth of
urban developments in the Caribbean.

Long-Term Sustainability Under Future Conditions
Using the RCP 8.5 climate change scenario, sea level rise (SLR) is expected to occur in
the Caribbean with a variation between 0.3m to 1.35m by 2100 (Strauss and Kulp, 2018). For
this study, SLR was modeled for 2050 using a range of 0.15m to 1.35m. Climate related
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increases of sea level for each country were created using digital elevation models in GIS. For
the 0.15m model, areas in each country that were below and up to 0.15m in elevation were
selected, and the same process was completed for areas up to 1.35m in accordance with RCP 8.5.
The results on the extent and distribution of potential sites for each country are given in Table
14.
Table 14. Loss of potential sites as a result of predicted SLR, using 0.15m and 1.35m SLR. Each country in this study lost
potential sites from predicted SLR.

Country
Antigua and Barbuda

Potential Site Areas Accounting for SLR
Potential Sites Area
Potential Sites with 0.15m
(km2)
SLR (km2)
152
151.80

Potential Sites with 1.35m
SLR (km2)
151.52

Bahamas

528

520.99

511.64

Barbados

240

240.21

240.13

Dominica

341

341.20

340.42

Grenada

211

211.29

211.29

Jamaica

3,115

3,079.29

3,054.38

St. Kitts and Nevis

97

97.00

96.95

St. Lucia
St. Vincent and the
Grenadines
Trinidad and Tobago

316

315.49

315.49

175

174.90

174.88

724

724.14

723.71

While losses occurred for each island, most were negligible even when assuming a 1.35m
SLR, a value not predicted for the Caribbean subregion until 2100. However, the modeling of
SLR used in this study does not consider movement of populations away from the coast, storm
surge, king tides, and other secondary effects from SLR. While this would reduce potential sites
for both SLR scenarios it is unlikely that any country in this study would lose enough land to not
meet their NBS area threshold (Table 12). Additionally, the assumption of RCP 8.5 assumes a
0.15m – 1.35m SLR through the year 2100; by the year 2050, the Caribbean can expect lower
SLR rates.
Precipitation rates are estimated to decrease by 10-30% over the Greater Antilles and
Eastern Caribbean, with Trinidad predicted to experience a 10% decrease (Hall et al., 2013). As
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precipitation (rainfall) has the greatest impact on water availability (Table 10), conservative
estimates of a 10-30% decrease in available water were assumed for the Caribbean subregion by
2050. The decrease in precipitation for each country was compared with Falkenmark indicators
(water stress, water scarcity, and absolute water scarcity) (Figure 13).

Available Water with Precipitation Losses
4000

m3/capita/year

3000

2000

1000

0

Available Water

10% Decrease

30% Decrease

Water Stress

Water Scarcity

Absolute Water Scarcity

Figure 13. Available water for each country with a 10% and 30% decrease associated with climate change by 2050. Falkenmark
indicators are included at 1,700 m3/capita/year (water stress), 1,000 m3/capita/year (water scarcity), and 500
m3/capita/year (absolute water scarcity).

With a 10-30% decrease in available water from reduced precipitation, some countries
that were originally above Falkenmark indicators (e.g. Bahamas, Grenada, St. Lucia) would shift
to the region of water stress. Under these future conditions, these countries would be classified as
failing the water sector. Countries that were already considered failing would be at greater risk of
water insecurity under these assumptions.
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While precipitation decreases are expected with climate change, populations are also
expected to grow, which decreases the available water calculations (m 3/capita/year). The
population growth rates for each country used in this analysis are listed in Table 15.
Table 15. Population growth rates for the year 2020. Data obtained from CIA World Factbook.

Country

Population Growth Rate (2020) %

Antigua and Barbuda

1.0

Bahamas

1.5

Barbados

0.3

Dominica

0.4

Grenada

0.4

Jamaica

0.4

St. Kitts and Nevis

1.2

St. Lucia

0.8

St. Vincent and Grenadines

0.2

Trinidad and Tobago

0.5

To predict population in the year 2050, these population growth rates were used for the
30 year period between 2020 and 2050. Using the population growth rates for the year 2020
(Table 14) and current available water use per capita, available water amounts for 2050 were
graphed together with Falkenmark indicators (Figure 14).
As with reduced precipitation (Figure 13), some countries that were previously above all
Falkenmark indicators would fall below the water stress category (1,700 m 3/capita/year). Again,
countries that were already within Falkenmark indicators would face greater risk for insecurity in
the water sector. Both precipitation loss and population growth are expected to occur in tandem
between 2020 and 2050. Precipitation, and thus assumed available water, decreases and
population growth altering available water per capita metrics are included in Figure 15.
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Available Water 2020 and 2050

4000

m3/capita/year
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0
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2050

Water Stress

Water Scarcity

Absolute Water Scarcity

Figure 14. Available water changes from 2020 to 2050 assuming 2020 population growth. Falkenmark indicators are included at
1,700 m3/capita/year (water stress), 1,000 m3/capita/year (water scarcity), and 500 m3/capita/year (absolute water
scarcity).

Based on these data, countries are likely to experience the additive effect of population
growth and precipitation decrease on their available water. Whereas the Bahamas, Dominica,
Grenada, Jamaica, and Trinidad and Tobago all passed in the current (2020) water sector
evaluation, only Jamaica and Trinidad and Tobago pass in the 2050 water sector evaluation
(Table 16).
By failing the water sector, countries can expect to expend more of their income on either
importing water from other countries, which is both unsustainable and unstable, or on
desalination, which is energy and cost intensive. As the energy and food sectors are already
heavily reliant on imports from other countries, the water sector is highlighted as an area that
countries can manage more effectively with nature-based solutions.
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Available Water in 2050 with Precipitation Loss
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Absolute Water Scarcity

Figure 15. Available water in 2050 assuming population growth rate and precipitation losses from climate change. Falkenmark
indicators are included at 1,700 m3/capita/year (water stress), 1,000 m3/capita/year (water scarcity), and 500
m3/capita/year (absolute water scarcity).

Table 16. Water sector comparison between 2020 and 2050. Values in 2050 assume population growth and precipitation decrease
from climate change.

Water Sector Comparison
Country

Water – 2020

Water – 2050

Antigua and Barbuda

Fail

Fail

Bahamas

Pass

Fail

Barbados

Fail

Fail

Dominica

Pass

Fail

Grenada

Pass

Fail

Jamaica

Pass

Pass

St. Kitts and Nevis

Fail

Fail

St. Lucia

Fail

Fail

St. Vincent and the Grenadines

Fail

Fail

Trinidad and Tobago

Pass

Pass
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Nature-Based Solutions
Water
For sequestering water, retrofitting, or including during construction, structures with
green roofs can capture 40 to 80% of total precipitation (Garrison et al., 2012). This is
particularly useful for St. Kitts and Nevis, St. Lucia, and St. Vincent and the Grenadines, which
all have non-sedimentary geology and thus are less likely to store rainwater in soil (Vandas et al.,
2002). Island-nations with non-sedimentary geology may also look to check dams and rapid
infiltration basins as means of increasing water infiltration to groundwater (Guyassa et al., 2017;
USEPA, 2003).
Blue roofs perform a similar function as green roofs, without using vegetation, to store
rainwater which can lower costs relative to green roofs (DeGaetano, 2017). Blue roofs might be
of particular interest to the Caribbean region as rainwater collection is commonly found
throughout the rural Caribbean (Day, 2010). Water collected from these systems can be used to
recharge aquifers or for domestic supply.
Bioswales work similarly to blue/green roofs and harvest and filter rainwater and
stormwater on the ground. Additionally, bioswales increase infiltration of runoff and can help
restore local hydrology (NRDC, 2011). As with many NBS, these approaches can be multipurpose. Bioswales, green and blue roofs can support community gardens to feed urban
populations in food deserts, or to grow plants such as vetiver for handicrafts in community
markets (Grimshaw, 2003).
For better management of water resources, systems like the InterAmerican Development
Bank’s Hydro-BID can effectively create water budgets for watershed within the LAC region
(Crisman et al., 2019). This system is being implemented in nearby countries (e.g. Argentina,
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Brazil, Haiti) and can work to provide managers with greater insight into allocations of water
resources and how best to deploy NBS to balance water budgets (Crisman et al., 2019).
Constructed wetlands can play a large role in creating reusable wastewater by collecting
excess nutrients and contaminants of wastewater and outputting treated water at similar
efficiencies as typical gray infrastructure (Crisman et al., 2019). Costing between 30% and 50%
of traditional infrastructure, wetlands can be greatly expanded in the Caribbean currently to meet
population growth and future water demand (Crisman et al., 2019).
There are two broad classes of constructed wetlands: free water surface (FWS) and
subsurface flow (Vymazal, 2010). While both systems are highly efficient for removing organic
solids, FWS systems typically cost less than subsurface systems (Vymazal, 2010). The
hybridization of FWS and subsurface systems produces a system that is both efficient in
removing solids as well as total nitrogen (Vymazal, 2010). By harvesting plants from constructed
wetlands, nutrient uptake is increased up to 10%, further increasing the efficiency of nutrient
removal (Vymazal, 2010). The “wastes” from constructed wetlands include harvested plants that
can be incorporated into growing local economies (Pare et al., 2011), fish aquaculture supporting
food security (Russi et al., 2013), and passive recreation such as hiking and birding at n
constructed wetlands that can also promote ecotourism (Russi et al., 2013).

Energy
Caribbean SIDS have historically grown cash crops such as sugar and bananas
specifically for exporting (FAO and CDB, 2019). While this provided some income, countries
needed to purchase petroleum to provide energy, spending up to 85% of their total GDP (Table
6). With large amounts of land available, there is potential for development of biofuels from
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sugar cane production such as in Brazil (Janssen and Rutz, 2011). The focus on growing crops
for biofuels is potentially more profitable than selling agricultural materials in the global
economy; however, this practice can result in a greater water footprint that is not suggested for
countries already experiencing water scarcity issues (Munoz Castillo et al., 2017). Conversely,
the shift from growing cash crops to producing biofuels could lead to a net-zero change in water
footprint, with lower costs from energy importing.
Expansion of renewable energy in the Caribbean via solar, wind, geothermal, hydro, and
biomass technologies has been suggested as having potential for complete self-sufficiency in the
electricity sector (McIntyre et al., 2016). Supporting biomass as an energy source, a case study
by Thompson et al. (2020), found that co-digestion of pelagic seaweed (Sargassum sp.) with
municipal organic solid waste provided Barbados with major economic benefits and greater
generation of renewable energy. Use of Sargassum is also multi-purposed, with potential uses as
a biochemical, agricultural feed, a food source for people, fertilizer, and more (Milledge and
Harvey, 2016). Sargassum is a targeted energy source for the Caribbean as the seaweed
overproduces and colonizes shorelines throughout the Caribbean due to nutrient loading from
land, which limits tourism, aquaculture, and fishery production (Milledge and Harvey, 2016).

Food
With Caribbean nations being heavily reliant on food imports (Table 10), agriculture has
focused on production of cash crops for sale on the global market (FAO and CDB, 2019).
However, many farms are continuing to grow traditional crops that have decreased in value (e.g.
bananas and sugar) rather than those that have increased in value in recent years (e.g. fruits,
vegetables, legumes, oil crops) (FAO and CDB, 2019). In addition, the percentage of GDP
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contributed by the agriculture sector for each of the Caribbean island-nations has decreased by an
average of 50% since the 1990’s (FAO and CDB, 2019). Shifting crop production from
traditional crops to increased market-value crops could expand agriculture in the Caribbean;
however, this only continues existing reliance on food imports rather than produced foods.
Instead, rural and agricultural areas can shift from cash crops to energy-dense foods (e.g.
cassava, cattle) to feed their population and limit their reliance – and money spent – on other
countries for food. Management practices such as agricultural policies with a nutrition focus,
education on consumption and nutrition, best practices and efficiency increases, and integrated
land-use strategies can all work to bolster the agricultural sector of Caribbean nations and
improve food-related health issues (FAO and CDB, 2019).
For urbanized areas, rooftop and hydroponic gardens can supply local populations with
agricultural products while improving water quality (Lin et al., 2017). Community gardens, “eatlocal” movements, vertical gardens, and living walls all bring agriculture to the urban population
and encourage community ownership, which supports local economies (Crisman et al., 2019).
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SUMMARY AND CONCLUSIONS
The current sustainability of Caribbean SIDS was assessed using parameters related to
each sector of the water-energy-food Nexus. Available water resources were defined by
Falkenmark indicators on a per capita basis. Countries falling below the “water stress” indicator
were deemed unsustainable in their water sector. For the energy sector, access to electricity,
power losses from transmission and distribution, and renewable energy consumption were
compared with LAC regional data. Countries failing to meet or exceed the LAC average for a
majority of these energy parameters were classified as unsustainable for the sector. Food
resources were similarly analyzed, with parameters being food supply variability, dietary energy
supply adequacy, and cereal import dependency ratios. Country-level data were again compared
either to the LAC average, or to the threshold that the country should be meeting (dietary energy
supply adequacy), and if falling below the LAC average, the sector was defined as unsustainable.
Each country studied failed in at least one sector of the WEF Nexus, with most countries studied
failing in two or more sectors.
Nature-based solutions are proposed as potential solutions to balancing the WEF Nexus
in each of the Caribbean SIDS. To determine if SIDS would be able to utilize NBS, a GIS
analysis was conducted to classify available land areas where NBS might be developed. The GIS
analysis utilized land use/land cover (LULC), population density, underlying geology, and slope
of each island to define areas where NBS will be the most successful. As some of the SIDS
studied were formed from volcanic activity, both sedimentary geology and non-sedimentary
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geology (igneous/metamorphic) were utilized in two separate analyses. The results showed that
each country had large land areas available to implement NBS.
To determine if SIDS could potentially balance their WEF Nexus under current
conditions, the available land from geospatial analysis was compared with the area of wetlands
required for treating each country’s wastewater. Wastewater production and constructed wetland
treatment area ratios were utilized to determine a threshold area of land needed for successful
treatment of all wastewater. All SIDS passed this determination, with large tracts of land
available for additional NBS implementation in each country.
Estimates of population growth, precipitation rate loss, and sea level rise for 2050 were
then applied to each SIDS. Each country’s available water resources were then compared again
to Falkenmark indicators for 2020 and 2050. The water sector for each country was then reclassified using 2050 values.
Of the ten SIDS selected by this study, the Bahamas, Dominica, and Trinidad and Tobago
are considered moderately sustainable as they pass two of three sectors of the WEF Nexus.
While all countries are failing in the food sector, these three have enough water to pass
Falkenmark indicators, and their energy sector parameters show promising results for access,
losses, and renewable energy. Every other country studied is failing in two or more sectors,
indicating a lack of sustainability. Under current conditions, the countries of Antigua and
Barbuda and St. Kitts and Nevis are failing each sector of the WEF Nexus, while Barbados,
Grenada, Jamaica, St. Lucia, and St. Vincent and the Grenadines are failing in two out of three
sectors (Table 9).
By 2050, each country can expect population growth to continue, increasing the need for
water, energy, and food. Using population growth rates for the year 2020, Grenada, the Bahamas,
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and St. Lucia begin to slip below Falkenmark water stress indicators by the year 2050, indicating
an inadequate supply of water for their population (Figure 14). This trend is exacerbated by
changing rainfall patterns as a result of climate change (Figure 15). Less available water for each
country leads to further reduction of the agriculture sector, with increased reliance on trade for
water, energy, and food. Dominica and Trinidad, which currently are only failing in the food
sector (Table 9), begin to show signs of failing in the water sector under future conditions
(Figure 15). Climate change has already begun to affect Caribbean SIDS, with the eastern
Caribbean experiencing a record-breaking drought in 2020 (Peter, 2020).
Traditional grey infrastructure has been unsuccessful in keeping up with the needs of the
Caribbean SIDS and in promoting sustainability. Nature-based solutions have potential to either
replace or augment traditional grey infrastructure and are both cost-effective and beneficial for
the environment (Ozment et al., 2015). Incorporating NBS for waste treatment could solve issues
in more than one sector using the same land area, as opposed to gray infrastructure. NBS can
reduce individual countries’ reliance on outside sources for water, food, and energy and promote
national sustainability. With copious potential land area in each of the studied countries, NBS are
recommended for solving current and future problems related to the WEF Nexus of the
Caribbean SIDS.
Examples of successful NBS implementation exist throughout Latin America. The Water
Reserve Program of Mexico and Hydro-BID have provided a foundation for proper planning and
management of water resources, and constructed wetlands are being utilized in multiple
countries (Crisman et al., 2019). Biofuels are being produced in Brazil, Columbia, Costa Rica,
Guatemala, Venezuela, and Argentina, and roof top gardens, vertical gardens, and living walls
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are abundant in Mexico City, displaying the potential for NBS in the region (Crisman et al.,
2019).
The opposite is seen throughout the Middle East and North Africa (MENA), a region of
serious water scarcity (Siddiqi and Anadon, 2011). Yemen is projected to suffer mass fatalities
from dehydration unless water use is regulated and agricultural and water resources are
effectively managed (Glass, 2010). Countries in MENA have historically used their high GDP to
support desalination and limited groundwater extraction to ensure their freshwater needs, which
are both energy intensive and environmentally harmful processes (Siddiqi and Anadon, 2011).
Although the MENA region artificially sustains all components of the WEF Nexus by using their
high GDP, and many Caribbean nations are increasingly following the same model, this is an
unsustainable solution in large part because of the Caribbean’s much lower GDP.
Given current and projected WEF conditions for Caribbean small island nations, the
greatest potential for increasing the GDP of individual nations is tourism. This is especially true
for ecotourism, which can promote sustainability of human communities and natural ecosystems
in tandem. Currently, tourism is viewed by some as a net-extractor of water resources
(Emmanuel and Spence, 2009) and a progenitor to development that leads to overall weakened
natural environments in SIDS (Robinson et al., 2019). Water demand by tourism in the
Caribbean was approximately one third that of domestic use, and tourists in Barbados consumed
four times as much water per capita as residents (Emmanuel and Spence, 2009). It was also
noted that resorts were reported as not paying for their domestic water usage, and tourist
wastewater and solid waste production were other areas of concern. While contributing to GDP,
most Caribbean nations can ill afford such additional stress on their limited water resources.
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Tourism can be compatible with NBS, as agritourism and ecotourism become
increasingly popular tourist travel objectives (Maharjan and Dangol, 2018). Sustainable tourism,
albeit a relatively new topic in literature (Breiby et al., 2020), has potential to sustain or enhance
the GDP of the Caribbean area with a greater focus on the environment. Coupling the principles
of sustainable tourism with NBS will be a requirement of the Caribbean to sustain its natural
environments. This connection is further strengthened by the reality of impacts from climate
change, and the general lessening of natural resources for the Caribbean SIDS. Without planning
with the environment, the tourism economy of the Caribbean has potential to lead to its own
decline and exacerbate the inability of countries to maintain sustainability. It is imperative that
small island nations of the Caribbean implement cost-effective and environmentally sustainable
nature-based solutions to address the WEF Nexus of the region. Additionally, the work of this
thesis supports the position that the LAC region does not accurately describe the Caribbean SIDS
for analysis purposes. The Caribbean SIDS are limited in natural resources when compared with
LAC mainland countries and this is reflected throughout multiple parameters, as SIDS were
often outliers when compared to LAC averages.
As discussed earlier, the availability and comparability of data for the Caribbean limited
this analysis. Only ten of the 16 Caribbean SIDS were studied, with temporal discrepancies in
parameters leading to potential errors in actual resource accounting. Future research may
include: determining the potential of NBS in urban environments, further in-depth modeling of
SLR in the Caribbean SIDS to account for the secondary effects of SLR, the discrepancy
between food supply and ADESA on a per country basis, and a sensitivity analysis of parameters
affecting the water availability of Caribbean SIDS.
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